The antiferromagnetic to ferromagnetic phase transition in FeRh can be induced globally by either heating the material above its phase transition temperature or applying a combination of external stimuli (such as mechanical strain, electric/magnetic fields) on the material preheated close to its transition temperature. On the other hand, to locally induce this phase transition is more desirable for applications and requires a confined source of energy such as a focused laser beam. Here we combine laser excitation with X-ray magnetic imaging to determine the effect of laser heating on the local and transient magnetization of FeRh using time-resolved photoelectron emission microscopy.
INTRODUCTION
The B2 chemically ordered phase of the Fe0.5Rh0.5 alloy undergoes a first order metamagnetic phase transition from antiferromagnetic (AF) to ferromagnetic (FM) as the temperature of the sample increases from room temperature to a critical temperature above ~360 K. 1, 2 The transition is accompanied by an isotropic lattice expansion. At room temperature, the crystal structure of the equiatomic alloy is a CsCl type structure with one Rh atom at the center and eight nearest neighbor Fe atoms at the corners of a cubic unit cell; Fe spins order antiferromagnetically with ±3 µB and there is zero magnetic moment on the Rh atoms. 3, 4 Upon heating above the critical temperature, the FeRh lattice expands and the Fe atoms align ferromagnetically inducing a moment on Rh atoms.
The basic physical properties of bulk FeRh are well known. 1, 2 More recently there has been significant work on thin films with thicknesses of several 10's of nm. 5, 6 Incorporating FeRh into a more complex magnetic structure has attracted significant attention 7, 8 as a promising candidate for heat-assisted magnetic recording media: e.g. in an exchange-spring system with a hard magnetic layer such as FePt. 9 In FeRh/FePt, the FM phase of FeRh (e.g. at 400 K) lowers the switching coercive field of the magnetically hard FePt layer by a spring exchange mechanism. However, when the temperature is lowered to room temperature, the AF phase of FeRh does not alter the coercive field of the hard layer, which stabilizes the magnetic state and hence the recorded data. The low phase transition temperature of FeRh allows the exchange spring mechanism to be realized within a temperature window of just ∆T=100 K. This is significantly lower than the temperature difference of ∆T=450 K, which is the difference between room temperature and the Curie temperature of FePt (TC = 750 K 10 ). Similarly, FeRh was proposed in different bilayer systems that utilize its phase transition temperature, i.e. the Neél temperature, for inducing the exchange bias effect. 11, 12 FeRh thin films have also recently attracted new technological interest due to the expansion of its crystal lattice that accompanies the magnetic phase transition. The unit cell volume increases by ~1% from the AF to the FM state, 13 which makes the FeRh system a promising material when coupled to ferroelastic and ferroelectric materials. 14, 15 This potential was recently demonstrated by experiments on the FeRh/BaTiO3 system where it was shown that the magnetic order of a FeRh thin film can be controlled electrically via the voltage-induced strain from the BaTiO3 substrate 16 .
To investigate the dynamics of the structural and magnetic changes in the FeRh lattice, there have been a number of time-resolved studies on FeRh using experimental techniques like transient reflectivity, X-ray diffraction, magnetooptical Kerr effect and X-ray magnetic circular dichroism experiments. 17, 18, 19, 20, 21, 22 In summary, various contradictory time scales from sub-ps 17, 18 up to 30 ps 19, 21 were reported for rapid magnetization processes, and slower time scales from several hundred picoseconds 20,21 to a nanosecond 22 were reported for the magnetic phase transition and the concomitant crystal lattice expansion to occur. Despite numerous investigations of the laser-induced magnetic/structural phase transition dynamics, magnetic domain imaging of the laser focus region has never been observed directly; in fact this is a challenging task that requires a setup with time-resolved imaging combining tight laser focusing. Due to the lack of spatial information in the experiments above, there have been many speculative scenarios regarding how the magnetic domains should appear and disappear, and there is a vague state of understanding of the phase transition dynamics.
Combination or comparison of time scales from the experiments mentioned above is also difficult as all experiments have different sample thicknesses, some with heat sinks, capping layers etc.
Here we unite both spatial and temporal information in one experiment and present the first laser-induced magnetization experiments on FeRh. We present the generation and disappearance of FM order in thin films of FeRh via time-resolved optical pump and X-ray probe experiments in a photoelectron emission microscope. Focusing a laser beam to a spot size of a few microns heats the FeRh lattice and induce the AF-to-FM phase transition. We show the extent of single pulse laser heating and its effect on the magnetization of the sample in both the spatial and temporal domains M(r,t). Our results indicate the time scales of magnetization growth and lattice expansion in terms of magnetic domain sizes/shapes during laser heating and cooling. We believe our results to be also very interesting for future technological applications, because the presented time-resolved magnetic imaging proves a direct read/write control over tiny magnetic entities.
EXPERIMENTAL
Equiatomic FeRh(001) thin films of 33 nm thickness were grown by dc magnetron sputtering from an FeRh target on a MgO(001) substrate. The magnetic phase transition of the film was macroscopically characterized by a vibrating sample magnetometer (VSM) and locally using X-ray magnetic circular dichroism (XMCD) in combination with an Xray photoelectron emission microscope (X-PEEM). Figure 1 High-resolution images of the magnetic domain configurations (50 nm spatial resolution) across the phase transition were obtained by XPEEM 23 at the UE49-PGM1a beamline of the BESSY II synchrotrom. Temperaturedependent XMCD images were obtained by tuning the synchrotron photon energy to the L3 resonance edge of iron (707.5 eV), thus exploiting the element selectivity of X-rays. Each of the XMCD images was calculated from a sequence of X-ray absorption images taken with alternating left and right helicity circular polarization. The difference between two images with opposite helicity were divided by their sum to yield the so-called XMCD asymmetry which shows a projection of the iron magnetic domain contrast on the incidence direction of the x-ray beam.
For the laser experiments, we used a normal incidence laser excitation geometry that results in a diffraction limited spot size of around 3 µm by 5 µm 24 For the time-resolved experiments the repetition rate of the laser is set to 1.25 MHz to match the X-ray pulse frequency in the so-called multi bunch operation mode of BESSY II with a single camshaft bunch in the center of the clearing gap of the multi bunch filling. 25 To ensure a true time-resolved signal, the electron detector of the XPEEM is gated so that only those photoelectrons emitted by the X-ray camshaft bunch are counted. Temporal resolution achieved by this setup is limited to 50 ps due to the X-ray pulse width of 30-50 ps. Time-resolved magnetic imaging requires a stroboscopic measurement and therefore requires a reproducible FM domain configuration each time the laser pulse heats the sample above its phase transition temperature. For this purpose, we apply a small external magnetic bias field (approx. 5 mT) to ensure a stable single domain configuration. For a fixed laser pump -X-ray probe delay time (∆t), the laser pulse heats the sample spot above its phase transition temperature (see Fig. 1(d) ) which results in the formation of a single-domain state along the external magnetic field direction. The area heated by the laser then cools and the AF ordering is recovered as thermal equilibrium is reached and the system is ready for another cycle of laser-driven AFM->FM->AFM ordering. The process is then continually repeated to collect statistically meaningful data. Fig. 3(l) . Contrary to the temperature simulations of Fig. 1(c-d) , the induced XMCD is homogenous and does not replicate the Gaussian beam profile of the laser beam. XMCD contrast increases as a function of delay time and maximum XMCD signal (as high as 6% as shown in Fig. 2(e) ) is established for ∆t = 0.69 ns. The signal decays at longer time delays concomitant with a shrinking of the FM domain size until it disappears at ∆t = 2.07 ns. For a more detailed analysis we extracted from each magnetic image a line profile along the grey line indicated in Fig. 3(a) . These line profiles are plotted as a function of delay in Fig. 3 (mn) and demonstrate a quantitative comparison for the growth and disappearance of the locally induced magnetization. Figs. 3(m-n) , extracted from the laser spot image from the inset of Fig. 3(l Plotting XMCD signals as a function of time delay from different lateral positions (not shown here) show that the region 2-3 µm away from the laser spot center reaches an XMCD maximum between Dt = 0.42-0.69 ns (see curves in Fig. 3(m) for the lateral positions of 4µm and 9 µm, for instance). A similar observation can be made when we integrate all region to converge the case of spatially averaging experiments: the XMCD maximum is achieved after approximately Dt = 0.42 ns, the signal decreases slowly up to 0.69 ns; overall the growth resembles an S-shaped curve with an exponential time constant of 0.5 ns, then a more pronounced exponential decay starts. We attribute this growth time constant to the speed of the FeRh magnetic phase transition and the concomitant crystal lattice expansion. This time delay could be due to the intrinsic time taken for the crystal lattice to expand, which is expected to evolve on the order of the speed of sound, i.e. 5µm/ns, 21 corresponding to our spatial and temporal dimensions. The time required to reach the ferromagnetic state is consistent with some of the previous spatially averaging experiments, 20,21 but considering the differences in sample thicknesses and the used heat sinks and capping layers etc. it is not possible to extract the sole FeRh dynamics from the rest of parameters that affect the time scales. Due to our temporal resolution of around 50 ps, we do not observe dynamics happening faster than 50 ps, therefore we can not comment on the faster dynamics.
RESULTS

A line profile across the laser spot on the sample (thin black line in
In conclusion, we presented the first experimental results combining temporal and spatial dimensions that demonstrate the existence of an intrinsic time for the magnetic phase transition in FeRh, even on very small length scales. Thanks to this unique technique, we find that there is an intrinsic speed limit for the FM state to be established at the 100 nm scale within time scale on the order of 0.5 ns. The transient magnetic state determined here shows that it is possible to modify the magnetization of the sample in a very short time interval (<0.7 ns) and that it is only limited by the intrinsic speed of the FeRh magnetic phase transition. The time frame of the phase transition is compatible with magnetic recording technologies where a new magnetic area/bit can be written every 1-2 ns. Assuming that in the near future, plasmonics and near-field optics will focus and transmit optical energy to spot sizes of around (25-50 nm) 2 , memory devices based on exchange spring systems with FeRh could be used as the next generation magnetic recording media. 27 
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